To determine the degree to which emotional changes in speech reflect factors other than arousal, such as valence, the authors used a computer game to induce natural emotional speech. Voice samples were elicited following game events that were either conducive or obstructive to the goal of winning and were accompanied by either pleasant or unpleasant sounds. Acoustic analysis of the speech recordings of 30 adolescents revealed that mean energy, fundamental-frequency level, utterance duration, and the proportion of an utterance that was voiced varied with goal conduciveness; spectral energy distribution depended on manipulations of pleasantness; and pitch dynamics depended on the interaction of pleasantness and goal conduciveness. The results suggest that a single arousal dimension does not adequately characterize a number of emotion-related vocal changes, lending weight to multidimensional theories of emotional response patterning.
Anyone who has felt his or her voice quaver and throat constrict while nervously giving a public speech is well aware of the effects that emotions can have on our speech. Often these effects are only obvious to the speaker, although sometimes the outward signs of this anxiety can be evident to empathetic listeners, who are sensitive to the high-pitched, trembling voice of an anxious presenter. What, then, is known about how our emotions affect the way we produce speech? The answer is relatively little, particularly compared with facial expression of emotion, which has been the subject of much scrutiny since the pioneering work by Ekman and Izard (e.g., Ekman, 1972; Izard, 1971 ).
Reviews of the literature on emotional speech have concluded that at least for acted vocal expressions of emotion, recognition rates are comparable, though slightly lower, than they are for facial expressions (Scherer, 1999) . Acted vocal expressions of emotion are also recognized well across cultures (Scherer, Banse, & Wallbott, 2001; van Bezooijen, 1984) , indicating that the vocal expression of emotion reflects processes that function largely independently of the mechanisms for production of a given spoken language. Attempts to identify the specific vocal characteristics that are used by listeners to infer emotional states of speakers (see reviews by Johnstone & Scherer, 2000; Scherer, 1986) indicate that many measured differences in acoustical patterns across emotions are consequences of the level of physiological arousal (in the sense of an excitation of the sympathetic branch of the autonomic nervous system) that accompanies each emotion. Thus, emotions such as anger, fear, and joy are all characterized by raised fundamental frequency (f 0 ) and high intensity, whereas emotions such as sadness and boredom are expressed with low f 0 and low intensity. However, Scherer (1986) pointed out that the ability of judges to accurately judge expressed emotions means that parameters that differentiate emotions with similar arousal levels must exist (at least in acted speech), and suggested that a broader set of acoustic parameters would need to be analyzed in future research. More recent studies that included an extensive acoustic analysis of emotional speech, including a variety of spectral parameters, allowed consistent differentiation of emotions with similar arousal levels (e.g., Bachorowski & Owren, 1995b; Banse & Scherer, 1996; Sobin & Alpert, 1999 ; see also Juslin & Laukka, 2002) .
Given the predominant use of acted speech in most studies of vocal emotion expression, however, the question remains as to whether the effects of real or naturally occurring emotion on vocal production are distinguishable on the basis of acoustic cues. The presence of emotion-specific acoustic patterns in acted speech, as have been found in previous research, might be attributable to the strategic adoption by the actors of speaking styles that serve to send a signal to cohorts (Russell, Bachorowski, & Fernandez-Dols, 2003) . More direct effects of emotion on speech, termed push effects by Scherer (1985) , presumably reflect the relatively uncontrolled changes to the underlying physiology of speech production that accompany an emotion.
A small number of studies have attempted real emotion induction or have measured "real-life" emotional speech recordings (e.g., Alpert, Kurtzberg, & Friedhoff, 1963; Bachorowski & Owren, 1995b; Duncan, Laver, & Jack, 1983; Simonov & Frolov, 1973) . These studies have, however, used predominantly bipolar inductions, such as high-low stress. It is thus not surprising that the results obtained could be explained in terms of a single dimension of arousal. Scherer (1986) has suggested, however, that differences in the vocal characteristics of emotional speech should reflect the three dimensions of emotional response frequently reported (i.e., arousal, valence, and potency). The little empirical evidence for the existence of three dimensions in emotional speech (Green & Cliff, 1975) indicates that of the three, arousal and valence are more easily identifiable in the acoustics of speech than is potency. There is, thus, a clear need for further studies that induce emotional states that vary on dimensions other than just arousal, such as valence.
A number of techniques have been used by emotion researchers to induce emotions in the laboratory (e.g., Gerrards-Hesse, Spies, & Hesse, 1994) . In this study, we adopted the approach of inducing emotion-related vocal responses in the laboratory using a computer game (see Kappas & Pecchinenda, 1999; MacDowell & Mandler, 1989) . We sought to identify affective changes to the acoustics of speech that could be attributed to a valence-associated response dimension by analyzing responses to events in a computer game intended to be pleasant or unpleasant and obstructive or conducive to performing well in the game.
Method

Participants
Thirty-three volunteers between the ages of 13 and 15 years (27 boys, 6 girls) were recruited from schools in the Geneva area (data from 3 of the boys were not analyzed because of technical problems with the speech recordings). The schools and parents of all children gave fully informed written consent for their children's participation. Participants were reimbursed SFr. 15 (U.S. $10). Adolescents were chosen because they were considered likely to be familiar with, and get emotionally involved in, video games.
Equipment
Participants were fitted with an AKG C420 headset condenser microphone, 20 cm below and to the side of the mouth, connected to a Sony TCD-D8 DAT recorder. Speech was recorded digitally at a sampling rate of 44.1 kHz. Subjects were also fitted with electrodes for the recording of a variety of physiological measures as part of a concurrent study (van Reekum et al., 2004) .
Description of the Game
The game, XQuest (Mackey, 1994) , situates the player's space ship in a galaxy filled with crystals, mines, and enemies. The player uses a mouse to accelerate and to fire at the enemies. The goal is to gather all the crystals in each galaxy, after which the player proceeds to the next galaxy (i.e., game level). Points and extra ships are awarded for crystals gathered, enemies destroyed, and rapid completion of a game level. After losing all of the ships, the player starts a new game at the first game level.
Procedure
After a general introduction to the computer game, participants watched an instructional demonstration of the game. Players were shown how to respond to the emotion-rating screen and verbal-report screen. They then practiced the game for 20 min, during which time they were given extra instruction when necessary. All participants demonstrated sufficient proficiency by reaching at least the fourth game level during this practice period. Physiological sensors and the microphone were then attached, and the microphone recording level was adjusted. After 2.5 min of relaxation, the participants played the game for 45 min.
Selected Game Events
We sought to examine emotional changes to speech production that were associated with specific game events that were manipulated because of their putative positive or negative valence. In the context of the game, completing a game level is conducive and losing a ship is obstructive to the pursuit of gaining points and progressing through game levels. The variable goal conduciveness was thus operationalized by the selection of situations in which a game level was successfully completed (goal conducive) or the player's ship was destroyed (goal obstructive). We also directly manipulated the intrinsic pleasantness of the two game events by concurrently playing 1-s valenced (i.e., pleasant and unpleasant) synthesized sounds equal in mean acoustic intensity. Both sounds had approximately flat spectra to 2 kHz. The pleasant sound had slightly less energy in the range of 2 kHz-5 kHz, than the unpleasant sound. The sounds had been independently rated by 15 judges on a 7-point scale from Ϫ3 (very unpleasant) to ϩ 3 (very pleasant). The mean rating for the unpleasant sound was Ϫ2.3 (SD ϭ 1.1), and the mean rating for the pleasant sound was 2.2 (SD ϭ 0.8). Intrinsic pleasantness was manipulated orthogonally to goal conduciveness, leading to a 2 (intrinsic pleasantness) ϫ 2 (goal conduciveness) within-subject design.
Vocal Reports
Speech was elicited with a vocal-report screen that requested a report of the immediately preceding game events whenever an experiment-relevant event (i.e., loss of ship or new level) occurred. To maintain the continuity of the game, the screen appeared, at most, every 2 min. Players were requested to respond to the screen by pronouncing aloud a seven-character alphanumeric identification code, choosing the reason that matched most closely their explanation of the preceding event (chosen from four shortsentence alternatives), and estimating the percentage chance that they would be successful in the following game level. The screen provided both strings of isolated letters and connected phrases to be pronounced by the participant.
Emotion Self-Report
Emotion self-reports were obtained using a screen that displayed a popular French comic-strip character (Gaston Lagaffe), expressing eight different emotions ("interest", "joy", "surprise", "anger", "shame", "pride", "tenseness", and "helplessness"). The images were accompanied by the corresponding emotion labels, each with a 100-point graphic scale on which the participants could use the mouse to indicate the felt intensity of each. The rating screen was presented immediately after a random sample of experiment-relevant events, but not more often than once every 4 min.
Acoustic Analyses
Acoustic analyses of each speech recording were carried out using Kay Computer Speech Laboratory 4300B speech analysis hardware and software (Kay Elemetrics, 1995) , with acoustic parameters chosen on the basis of their utility in previous research on emotional speech (see Johnstone & Scherer, 2000) .
Fundamental frequency (f 0 ). For each speech file, Kay Computer Speech Laboratory software was used to mark the onset of each pitch period, with the constraint that f 0 was between 150 Hz and 400 Hz (the vocal folds of adolescents of the age range studied here typically vibrate at between 150 and 400 times/s). Obvious errors in the pitch extraction were manually corrected. For 5 participants for whom there were many errors, the minimum and maximum allowed f 0 values were adjusted on the basis of visual inspection of the speech waveform, and the speech files were reanalyzed and pitch periods reinspected. A single adjustment of allowed f 0 values was sufficient to ensure accurate calculation of f 0 in all cases.
The following f 0 -related statistics were derived: mean f 0 , standard deviation of f 0 , f 0 5th percentile value, and f 0 95th percentile value. They provide a measure of f 0 central tendency, variability, floor, and ceiling, respectively.
Energy. The mean voiced energy of speech was quantified by calculating the root mean square (RMS) value of 15 ms frames of the speech signal, centered about each pitch-period marker (Deller, Proakis, & Hansen, 1993 ). This 15 ms window was long enough to ensure that energy was averaged over two to three fundamental periods.
Temporal measures. The length of each utterance was quantified as the time from the first pitch-period marker to the last marker in each speech file. Although this estimate ignores unvoiced sounds at the endpoints of each utterance, such unvoiced sounds were not expected to vary greatly between experimental conditions compared with voiced parts of the utterance. The proportion of each speech utterance that was voiced was estimated from the pitch-impulse markers.
Spectral measures. We calculated the average power spectrum of voiced parts of each utterance using a frame size of 512 samples, yielding 256 frequency bins, each one 39.06 Hz in width. The proportions of total energy under 500 Hz and under 1,000 Hz were calculated.
Results
Performance in the Game
On average, participants played 27 full games (SD ϭ 10). All participants attained the 5th game level at least once.
Emotion Reports
Detailed results for the emotion reports are provided in van Reekum et al. (2004;  Table 1 ). In summary, joy and pride were significantly higher in conducive conditions (mean rating 20 and 24, respectively) than in obstructive conditions (mean rating 14 and 9, respectively), whereas anger and surprise were significantly higher in obstructive conditions (mean rating 15 and 9, respectively) than in conducive conditions (mean rating 5 and 5, respectively). Thus, as intended, the two game events differed in elicited valence, with obstructive events leading to reports of greater negative emotion (anger) and conducive events leading to reports of more positive emotion (joy and pride). Surprise was also higher following events accompanied by pleasant sounds than those accompanied by unpleasant sounds.
We calculated correlation coefficients between the mean ratings and mean acoustic measures for each experimental condition after partialing the main random effect of participants. Reported anger was correlated negatively with utterance duration (r ϭ Ϫ.27, p Ͻ .01), and positively with f 0 ceiling (r ϭ .19, p Ͻ .05). Utterance duration was longer for game events in which participants reported more joy (r ϭ .20, p Ͻ .05) and pride (r ϭ .34, p Ͻ .01). The percentage of each utterance that was voiced was negatively associated with reports of joy (r ϭ Ϫ0.24, p Ͻ .01) and pride (r ϭ Ϫ0.28, p Ͻ .01). Mean acoustic energy was lower for game events that elicited more joy (r ϭ Ϫ0.20, p Ͻ .05). Reports of helplessness were correlated negatively with the proportion of spectral energy below 500 Hz (r ϭ Ϫ0.20, p Ͻ .05). These outcomes show that some correlations exist between reported positive and negative emotions and some of the vocal parameters measured, although such correlations are modest.
Univariate Analyses
The variation of the acoustical parameters across experimental manipulations was tested using univariate mixed-model analysis of variance, with conduciveness and pleasantness as fixed factors and participant as a random factor.
Sex effects. The sex of the participants might conceivably influence the way in which vocal production changes with different experimental conditions. Because there were only 6 girls in this study, it is difficult to rigorously assess such sex effects. However, sex showed no significant interactions with conduciveness or pleasantness for any acoustic measure (all ps Ͼ .1). The boys in this study exhibited great variability in vocal characteristics, particularly those related to f 0 , because of variability in their stages of adolescent development. To address this variability, we split the participants into two subgroups: those with high f 0 (mean f 0 Ͼ 180 Hz) and those with low f 0 (mean f 0 Ͻ 180 Hz). There were no significant interactions of subgroup with conduciveness or pleasantness for any acoustic measure (all ps Ͼ .1). Thus, for this sample of adolescent participants, the vocal changes that corresponded to different game events were similar for boys and girls and similar across participants with different levels of mean f 0 .
Means and standard errors for the different acoustic variables, for both high f 0 and low f 0 subgroups, are provided in Table 1 .
Pleasantness ϫ Conduciveness interaction. There was very little interaction between the effects of the two variables on the vocal measures. A weak interaction was observed for f 0 ceiling, F(1, 30) ϭ 2.9, p ϭ .10. Post hoc comparisons showed that this statistical trend was due to the f 0 ceiling being higher in response to unpleasant than to pleasant sounds that accompanied obstructive events, F(1, 30) ϭ 4.4, p ϭ .04, with no such difference for conducive events, F(1, 35) ϭ 0.2, p ϭ .64. An interaction for f 0 standard deviation, F(1, 30) ϭ 5.0, p ϭ .03, was due to higher f 0 standard deviation in response to unpleasant than to pleasant sounds that accompanied obstructive events, F(1, 32) ϭ 5.6, p ϭ .02, with no such difference for conducive events, F(1, 33) ϭ 0.6, p ϭ .46.
Pleasantness. No significant effects of pleasantness on mean energy, F(1, 31) ϭ 0.4, p ϭ .54; f 0 floor, F(1, 31) ϭ 0, p ϭ 1; f 0 ceiling, F(1, 30) ϭ 2.1, p ϭ .15; mean f 0 , F(1, 31) ϭ 0.1, p ϭ .7; or f 0 standard deviation, F(1, 30) ϭ 1.2, p ϭ .28, were observed. The proportion of energy below 500 Hz was significantly lower for unpleasant than for pleasant sounds, F(1, 31) ϭ 7.3, p ϭ .01. A similar result was found for the proportion of energy under 1000 Hz, F(1, 29) ϭ 4.2, p ϭ .05. These differences were due to a small but consistent difference in the spectra at high frequencies, with speech in the unpleasant condition showing greater high-frequency energy than speech in the pleasant condition.
Conduciveness. Mean energy was lower for conducive than for obstructive events, F(1, 29) ϭ 6.4, p ϭ .02. The f 0 floor was lower for conducive events than for obstructive events, F(1, 30) ϭ 4.6, p ϭ .04, although we found no effects of conduciveness on f 0 ceiling, F(1, 30) ϭ 0.1, p ϭ .7; mean f 0 , F(1, 31) ϭ 0.5, p ϭ .5; or f 0 standard deviation, F(1, 30) ϭ 1.2, p ϭ .27. The proportion of each utterance that was voiced was lower for conducive than for obstructive events, F(1, 30) ϭ 23.4, p Ͻ .01. Utterance duration was higher for conducive events than for obstructive events, F(1, 30) ϭ 22.0, p Ͻ .01. The associations between conduciveness and mean energy, f 0 floor, and the temporal parameters are shown in Figure 1 . No significant differences between conducive and obstructive events were found for the proportion of energy under 500 Hz, F(1, 30) ϭ 1.8, p ϭ .19, nor for the proportion of energy under 1,000 Hz, F(1, 29) ϭ 1.3, p ϭ .27.
Discussion
Speech following obstructive events was higher in energy and had a higher f 0 level, as indicated by f 0 floor, than speech following conducive events. These results suggest that physiological arousal was higher following the destruction of a ship than following the completion of a game level. This interpretation is supported by measurements of skin conductance (a measure that reflects sympathetic autonomic nervous system arousal), taken in a concurrent study, which were higher following obstructive events than following conducive events (van Reekum et al., 2004) . No significant spectral differences were measured between conducive and obstructive events.
In contrast to the conduciveness findings, the significant effects of the pleasantness manipulation on the acoustic speech signal were limited to the distribution of energy in the spectrum, with a greater proportion of energy in higher frequencies being measured after unpleasant sounds than after pleasant sounds. In addition, for obstructive events only, f 0 had a more reduced dynamic range for pleasant than for unpleasant sounds. This result is difficult to explain in terms of either an arousal or a valence dimension.
In summary, this experiment revealed that variations in the intrinsic pleasantness of an event cause changes to spectral energy distribution, but not to overall energy, f 0 , or the measured temporal parameters, and that changes to the conduciveness of an event are associated with changes to the latter set of variables but not to spectral energy distribution. This pattern of results suggests that emotional changes to the voice reflect two or more dimensions, presumably reflecting two or more underlying mechanisms. This general outcome is consistent with both evidence and theory that posits that at least two, and possibly three, dimensions characterize emotional responses: activation, valence, and potency/power (e.g., Davitz, 1964; Osgood, Suci, & Tannenbaum, 1957; Russell, 1980; Wundt, 1909) .
Despite the widespread acceptance of a two-or threedimensional description of emotional responses, there is very little empirical evidence supporting such a view with respect to putative push effects on the voice. Recall that Green and Cliff (1975) arrived at a three-dimensional description of vocal changes in acted emotional speech. The results from this experiment also provide support for two of these dimensions: Changes in f 0 and mean energy could clearly be related to activation. In addition, the spectral distribution of energy, which varied significantly with manipulations of intrinsic pleasantness, seems to match the description given by Scherer (1986) for a hedonic valence dimension. The other acoustic variables that showed differences across experimental conditions-f 0 dynamics, utterance duration, and proportion of speech that was voiced-do not clearly map on to either dimension.
The results from this experiment indicate the potential for computer games to induce measurable emotional changes to the acoustic properties of speech. It is not clear, however, whether the measured acoustic differences in speech between the experimental conditions, which in this experiment were small, would be perceptible. Nor can it be completely ruled out that players' speech was influenced to some extent by social context. It would be preferable in future studies of this type to measure the acoustic changes to speech during, rather than following, game events, and under different social and experiment contexts (e.g., Stemmler, 1992) . In addition, measuring relevant physiological variables, such as subglottal and supraglottal air pressure and laryngeal and articulator muscular tension and dynamics, would aid in the interpretation of acoustic measurements. Although such methods might preclude realistic induction of a range of emotional responses, the use of noninvasive devices, such as the electroglottograph, to obtain some indication of changes to vocal-fold function in naturally occurring or induced emotional states is currently feasible. Such studies of induced or natural emotional speech will provide valuable complementary information about the causes and functions of emotional expression.
